. The classic KD is tightly controlled, specifically calculated for each patient, and formulated using different protocols in different countries, occasionally with significant variations in its administration. The diet should be implemented in a multidisciplinary way under the supervision of a physician and dietitian 4 . The side effects should be monitored and they include, in the short-term, acidosis, hypoglycemia, vomiting, obstipation, diarrhea, and gastroesophageal reflux. The long-term side effects usually occur after three months and consist of hyperlipidemia, constipation, renal calculi, growth failure, bone health, and deficits of vitamins, minerals and trace elements 4 .
HISTORY OF THE KETOGENIC DIET
Since the Hippocratic era (460 BC-370 BC), fasting has been recognized as a therapeutic treatment for epilepsy. Fasting was also documented in biblical times: Mark (9:29) relates the story of Jesus curing an epileptic boy. When his apostles asked him why they had not been able to cure the boy, Jesus said, "This kind can come out by nothing but prayer and fasting". Raphael's Transfiguration of Christ is the most famous painting of a person with epilepsy 5, 6 . The first scientific report on the value of fasting in epilepsy was published in the early 20 th century by the French physicians Guelpa and Marie, who reported that seizures were less severe with fasting. Concurrently, the first account of fasting in the United States was a report by an osteopathic physician from the state of Michigan, Dr. Hugh W. Conklin. The second account included articles published by Bernarr Macfadden, a physical fitness cultist who in 1899 established his first magazine, Physical Culture with articles about sickly men and women who became healthy and strong through proper diet and exercise. He claimed that fasting for three days to three weeks could improve and cure any disease, including epilepsy 6 . At that time, Dr. Conklin believed that epilepsy had its origin in the intestines and was curable. In one of his manuscripts, Dr. Conklin recommended a fast lasting 18-25 days or as long as the person was physically able to tolerate without eating. He reported cure rates of 90% in children younger than 10 years of age, 80% in adolescents aged 10-15 years old, 65% in 15-25-year-old patients, 50% in 25-40-year-old patients, but low rates in patients 40 years and older. In 1922, Dr. A. Goldbloom, from Montreal, was more skeptical and reported "the starvation treatment is effective only while it is continued and while the patient remains in bed, but it has no enduring qualities". In 1921, another pioneer in epilepsy studies, Dr. H. Rawle Geyelin, reported his experience with fasting as a treatment of epilepsy at the American Medical Association Convention and was the first to document the cognitive improvement that could occur with fasting. In 1922, Dr. W.G. Lennox and Dr. Stanley Cobb began studying why starvation worked as a treatment for epilepsy and were the first to note an increase in serum uric acid and acidosis that typically developed after two or three days and was accompanied by a decrease in seizures. The efficacy of fasting triggered clinical and research activity and various theories arose to explain the success of starvation; dehydration, ketosis and acidosis were all considered potential mechanisms to explain the efficacy of fasting
.
At about the same time, in 1921, Dr. R.T. Woodyatt noted that normal subjects under starvation or on diets containing extremely low carbohydrate proportions and extremely high fat proportions would produce acetone and beta-hydroxybutyric acid 7 . Dr. R.M. Wilder, a physician at the Mayo Clinic (Rochester, United States), proposed that the benefits of fasting could be obtained if ketonemia was produced by other means and coined the term "ketogenic diet", which referred to diets rich in fat and low in carbohydrate. He proposed that the KD should be tried in a series of patients with epilepsy and suggested that it should be as effective as fasting and could be maintained for a much longer period of time 8 . Subsequently, in 1925, Dr. M.G. Peterman, also from the Mayo Clinic, proposed a KD calculation similar to the one used today: 1 g of protein per kilogram of body weight in children, 10-15 g of carbohydrates per day, and the remainder of the calories in fat 9 . The KD was widely used throughout the 1920s and 1930s. When diphenylhydantoin was discovered in 1938, the attention of physicians and researchers shifted to new AEDs. Medications were easier to administer and the KD was considered difficult, rigid, expensive, and therefore was scarcely used. As time went by, even physicians and dietitians forgot about this treatment and only a few centers continued to offer the KD
In an effort to make the classic KD more palatable, Huttenlocher et al., introduced a medium-chain triglyceride (MCT) oil diet that was more ketogenic per calorie, allowing less restriction of carbohydrates and protein 10 . In 1994, the KD received national media attention in the United States when the NBC TV network aired a program based on the true story of Charlie, a two-year-old boy with intractable epilepsy. Charlie's father, Jim Abrahams, found a reference to the KD while researching treatments for epilepsy on his own and brought his son to Johns Hopkins Hospital, in Baltimore, which was the only epilepsy center in the United States that had continued to offer the KD, at the discretion of Dr. Freeman and Ms. Millicent Kelly, an experienced dietitian, for diet initiation. Charlie became seizure-free and showed developmental progress 4 . Jim Abrahams created the Charlie Foundation to spread information about the KD and made videos for parents about the diet, as well as one for physicians and dietitians, provided funds for publications, and supported the first multicenter prospective study on the efficacy of the KD Since then, there has been a dramatic increase in the number of scientific articles about the KD and clinical studies have established the diet as an effective treatment for epilepsy. The KD is now available in over 45 countries. Additionally, new KD variants are in use, such as the modified Atkins diet (MAD) and the low glycemic index diet, with ketogenic formulas also being available
The Atkins diet was promoted in 1972 by the cardiologist Dr. Robert C. Atkins. The diet is high in fat, low in carbohydrates, and produces ketosis. The MAD was first introduced in 2003 at Johns Hopkins, following up on a report of a mother who had started her child on the Atkins diet by herself while she was waiting for the KD initiation and discovered that the child's seizures were controlled. This alternative diet induces ketosis in a more palatable and less restrictive manner. In the modified Atkins diet, patients limit their daily intake of net carbohydrates to 10-20 g/day indefinitely. The MAD is also being increasingly used for adults due to its better practicality and tolerability 4, 13 . The use of the low glycemic index treatment (LGIT) in treating epilepsy was first reported in 2005
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. The hypothesis is that stabilization of blood glucose levels may be one of the mechanisms of action of this KD variant, which would also result in modulation of insulin secretion and other metabolic effects. The first cases for LGIT were two adolescent boys with refractory epilepsy who experienced a greater than 90% reduction in seizure frequency after administration of the classic KD. However, neither boy tolerated the restrictiveness of the KD. After the KD was discontinued, the parents of one boy noted a fluctuation in seizure frequency based on carbohydrate intake, with an increase in seizure frequency when high carbohydrate foods were consumed. Following this observation, both boys were started on a diet that permitted higher total carbohydrate intake than the classic KD, but with the carbohydrates limited to "low glycemic index" foods that produce relatively little elevation in blood glucose; both experienced > 90% seizure reduction.
MECHANISM OF ACTION
The underlying mechanism of the KD action remains unclear and research in animal models of epilepsy suggest that the mechanism of action is much more complicated than that which has been already reported, and involves alterations in mitochondrial function, effects of ketone bodies on neuronal function and neurotransmitter release, antiepileptic effects of fatty acids, and/or glucose stabilization. Ketone bodies may increase membrane potential hyperpolarization and γ-aminobutyric acid synthesis, and decrease release of glutamate, norepinephrine, or adenosine. The KD may also play a role in the inhibition of the mammalian target of rapamycin (mTOR) 15, 16, 17 .
CLASSIC KETOGENIC DIET
The classic KD is calculated in a ratio of grams of fat to grams of carbohydrate plus protein. The most common ratio is 3:1 or 4:1, which means that 90% of the energy comes from fat and 10% from carbohydrate and protein combined. Calories are typically restricted to 80-90% of the daily recommendations for age. Fluid restriction to 90% is based on historical use of the diet rather than on scientific evidence 18 . In 1998, with support of the Charlie Foundation, a multicenter study was conducted with 51 children who averaged 230 seizures/month before starting the diet. Approximately half (47%) of the children remained on the diet for one year and 43% of those experienced > 90% seizure control and were almost seizure-free; 39% had 50-90% seizure control and 17% were non-responders with less than 50% seizure control. Adverse events that were attributed to the KD included lethargy, severe dehydration or acidosis, mood changes, increased infections, constipation, and vomiting. The reasons for discontinuation were intolerance, difficulty of maintaining the restrictive diet, and inadequate seizure control. The authors believed that the reduction in seizures was unlikely to be a placebo effect 11 . In the same year, the KD group at Johns
Hopkins published a study of 150 children aged between one to 16 years, who averaged 410 seizures/month before the diet. One year after KD initiation, 27% of children had > 90% reduction in seizure frequency, 7% were seizure-free, and 50% had > 50% reduction in the seizure frequency. The authors also observed that children who had success with the KD had > 50% reduction in seizure frequency during the first three months and that reduction could improve gradually, but if a 50% reduction was not observed during that time, it was unlikely to occur in subsequent months 19, 20 . Seventy children with refractory epilepsy were enrolled in a retrospective long-term follow-up study at the Children's Institute of the University of São Paulo (USP), São Paulo, Brazil to evaluate the efficacy and tolerability of the KD. At one year, 55% of those who were initiated on the diet remained on the KD and 70% had > 75% seizure control, 25% had 50-75% seizure control, and 2.5% had < 50% seizure control. The KD efficacy was significantly higher for generalized epilepsy than for partial epilepsy (p < 0.001). Approximately 10% of children discontinued the diet because of its unpalatability and 3.7% experienced nausea and vomiting 21 .
In 2008, Neal et al. 22 conducted the first randomized controlled trial to assess the efficacy of the KD. The authors followed 145 children with epilepsy who were unresponsive to two AEDs and who had at least seven seizures/week. Children were randomized into two groups: one received the KD immediately (KD group) and the other after three months with AEDs in a stable dose (control group). After three months, the KD group experienced a 75% reduction in seizure frequency compared to controls. Additionally, 38% of children in the KD group had > 50% seizure reduction and 7% had > 90% reduction in seizure frequency. The results clearly showed that the KD has benefits compared to no change in treatment. Nearly 25% of children who were on the KD reported side effects such as vomiting, lack of energy, hunger, diarrhea, abdominal pain, or taste problems. Constipation was the most reported side effect.
The KD also could be a reasonable option for adults with intractable epilepsy, providing a quick, reversible alternative to vagus nerve or deep brain stimulation. In a meta-analysis published in 2011, 270 patients were evaluated, of whom 168 received the classic KD, 87 were on MAD, and 15 patients used both MCT and classic KD diets. The efficacy rates of the KD in adult intractable epilepsy ranged from 13 to 70%. The meta-analysis yielded a combined efficacy rate of the KD of 42%, with significant heterogeneity across studies. After excluding one study dating back 80 years, this meta-analysis revealed a combined rate of patient compliance with the KD of 45%, which was caused mainly by ineffectiveness or lack of compliance. A comparison between the classic KD and the MAD revealed that the combined efficacy rate was significantly better for the classic KD (52%) than for the MAD (34%, p = 0.036), whereas the combined compliance rate was significantly higher for the MAD (56% vs. 38%, p = 0.006) 23 . The results indicated that the KD could be a promising complementary therapy in adult intractable epilepsy and should be initiated with the MAD, with a switch to the classic KD being considered if greater seizure control is required. Case-control studies in adults are needed to confirm this conclusion.
The KD has been used as a "last treatment option" in patients with intractable epilepsy. Following the recommendations of the International Ketogenic Diet Study Group, the therapy should be offered earlier to a child after two AEDs are used unsuccessfully. Moreover, the KD is the treatment of choice for GLUT1 deficiency syndrome and pyruvate dehydrogenase deficiency. In both disorders, the KD provides ketones that bypass the metabolic defect and serve as an alternative fuel to the brain 18 . In addition, there are specific conditions in which the consensus group considered that the KD could be used earlier. In myoclonic epilepsies, including myoclonic epilepsy of infancy (Dravet Syndrome) and particularly myoclonic-atonic epilepsy (Doose Syndrome), the KD appears to be effective in leading to seizure freedom and perhaps should be considered earlier in the treatment course 24, 25 . The KD can also be a good option for treatment of infantile spasms. In 2008, results from a retrospective case-control study comparing the KD with adrenocorticotropic hormone (ACTH) for treatment of new-onset infantile spasms at Johns Hopkins Hospital showed that the KD stopped spasms in nearly two-thirds of cases, and had fewer side effects and relapses than ACTH. However, ACTH normalized the electroencephalogram more rapidly 26 .
Pires et al.
27 evaluated the efficacy of the KD to treat infantile spasms as a third-line treatment, after vigabatrin and steroids. After one month, 35% of patients were seizure-free, and 65% were seizure-free after the third month. However, after one month, an additional AED was given to non-seizure-free patients. The efficacy of the KD remained stable from three to six months and the diet was not stopped because of tolerability.
Because compliance is not a problem, the KD may also be an excellent option in enterally-fed children, especially with the use of ketogenic formulas, which are also easy to prepare. Additionally, the adverse effects of AEDs can be avoided.
The KD is contraindicated in specific disorders and, before initiating the KD, the patient must be screened for disorders of fatty acid transport and oxidation. The presence of clinical features such as developmental delay, cardiomyopathy, hypotonia, exercise intolerance, myoglobinuria, and easy fatigability suggest that the child should be tested to rule out an inborn error of metabolism before KD initiation 18 . The KD can be initiated in the hospital or in an outpatient setting, with or without fasting. During hospitalization, parents can receive guidance and attend lessons about the KD, and the patient can be closely monitored for any adverse effects that may occur during this phase. Fasting accelerates diet initiation and the development of ketosis. Brief fasting is used in some centers as a way of quickly boosting ketones and improving seizure control during breakthrough seizure clusters in children on KD.
In a randomized prospective clinical trial of children with intractable epilepsy, Bergqvist et al. compared the efficacy of fasting and gradual KD initiation protocols, measured by seizure reduction. The results showed that gradual KD initiation maintained seizure control efficacy, resulted in similar levels of ketosis, had lower/milder side effects, and was better tolerated overall. The gradual initiation approach may simplify the KD management for the care team, making the KD more available to the population in general 28 .
MEDIUM-CHAIN TRIGLYCERIDE (MCT) DIET
The MCT diet was developed to make the KD more palatable, allowing for a diet with a greater proportion of carbohydrate and protein. Medium-chain triglycerides produce more ketones per kilocalorie of energy than the long-chain triglycerides used in the classic KD, requiring less fat intake to produce ketosis compared to a classic KD because MCTs are more rapidly metabolized. Patients consume more varieties and quantities of food, have better growth, and require fewer micronutrients compared to the classic KD. There is also a positive effect on lipid levels with a significantly lower total cholesterol/high density lipoprotein ratios compared to the classic KD 10, 29 . The traditional MCT diet was initially designed to deliver 60% of energy from medium-chain triglycerides. Frequent side effects include diarrhea, vomiting, bloating, and abdominal pain. To increase tolerability, a modified version was proposed using 30% of energy from MCTs and 30% from long-chain fatty acids with the MCT percentage needing to be increased gradually 30, 31 . Patients on valproate are not recommended to start on the MCT/KD because of reports of liver failure. The efficacy of the MCT diet is similar to that of the classic KD. A randomized controlled trial comparing the MCT and classic versions of the KD indicated there were no significant differences between the two diets 31 . However, MCT oil is expensive and dietitians need to be trained to use MCT therapy.
MODIFIED ATKINS DIET (MAD)
The MAD has a ketogenic ratio of 0.9:1 ( fat: carbohydrates and protein), with approximately 65% of the calories derived from fat sources. In children, the net carbohydrates are initially limited to 10 g/day, with a planned increase to 20 g/day after three months. Adults are started at 15 g/day and that amount can be increased to 20-30 g/day after one month. All carbohydrates are allowed and can be given during the day or at one meal. The difference between the MAD and the Atkins diet is that, in the former, the limitation on carbohydrate intake is maintained indefinitely, fat is encouraged with the goal of increasing urinary ketones, and weight loss is not a goal 34 . The diet is started in an outpatient setting, fasting is not required, weighing of foods is not necessary, there is no limit on protein and fat consumption, calories and fluids are not restricted, and the time spent for counseling is reduced to 30-45 min.
Sharma et al. 33 conducted a randomized controlled trial in 102 children and adolescents with refractory epilepsy to investigate if the MAD improves seizure control and found this KD variant is significantly more effective in controlling seizures compared to the continuation of AEDs alone.
The mean seizure frequency at three months from baseline was significantly less in the diet group than in controls (37.3 vs. 100%, p = 0.003) and similar to other uncontrolled studies of the MAD. The diet was well tolerated and side effects did not require discontinuation of the diet.
Kossof et al. 34 conducted a crossover study to determine the ideal starting carbohydrate limit in the MAD (10 or 20 g/day). At three months, they observed that seizure reduction was higher in children started on 10 g/day. After three months, an increase in carbohydrate consumption improved tolerability and had no negative impact on diet efficacy. Charlie Foundation for Ketoghenic Therapies 40 .
The efficacy of the MAD in adults was evaluated in an open-label study and the data showed that, on average, 27% of adolescents and adults achieved ≥ 50% seizure reduction and 6% became seizure-free 35 . The diet was slightly more effective in those with higher initial seizure frequencies and in younger adults. The MAD can also be administered to adults with intractable epilepsy and counseling can be done by e-mail in a feasible, safe, and effective manner 36 .
LOW GLYCEMIC INDEX TREATMENT (LGIT)
The low glycemic index treatment (LGIT) is less restrictive than the classic KD because it allows consumption of low glycemic index foods, while encouraging fat intake. The glycemic index (GI) describes the tendency of foods to elevate blood glucose 37 . Low glycemic index foods cause a minor elevation in postprandial blood glucose and insulin levels. The
LGIT allows for more carbohydrate intake, but restricts foods to those with GI < 50. At initiation, patients and their families are instructed to exclude high-GI carbohydrates from the diet and limit total carbohydrates to 40-60 g/day. Fat and protein are encouraged. Muzykewicz et al. 38 published a retrospective study with 76 children with intractable epilepsy who were managed with the LGIT. The one year followup showed a greater than 50% seizure reduction in 66% of patients in the cohort. Coppolla et al. 39 showed that the LGIT was effective in seizure control, well accepted and tolerated for prolonged periods in children and young adults. Of the 15 patients, with a median follow-up period of 12 months, 40% had 75-90% seizure reduction, 13.3% had 50% seizure reduction, and 46.7% of patients were non-responders. No adverse events occurred during the diet. The LGIT produces a lower level of ketosis than that of the classic KD. The effect of the LGIT was shown to correlate with lower serum glucose levels at some time points.
For a comparison between ketogenic diet therapies, see the Table. FINAL REMARKS All KD therapies offer a treatment for intractable epilepsy with confirmed efficacy.
In the past few years, alternative, more liberal KD variants have been developed to make the treatment easier and more palatable while reducing side effects and making it available to a larger group of refractory epilepsy patients.
Clinical evidence suggests that the efficacy of alternative diets is similar to that of the classic KD, but a rigid and strict initiation protocol with carbohydrate limitation and increased fat intake is crucial to achieve a high efficacy.
The choice of the diet must be made on an individual basis considering the patient's age, family circumstances, and severity and type of epilepsy.
Pediatric and adult neurologists must be able to identify and refer appropriate patients to the KD as soon as necessary in the course of epilepsy instead of using it as a last option only.
